Abstract. Several cases of aerosol plumes resulting from trans-Pacific transport were observed between 2 km and 5.3 km at Whistler, BC from 22 April 2006 to 15 May 2006. The fine particle (<1 µm) chemical composition of most of the plumes was dominated by sulphate that ranged from 1-5 µg m −3 as measured with a Quadrapole Aerosol Mass Spectrometer (Q-AMS). Coarse particles (>1 µm) were enhanced in all sulphate plumes. Fine particle organic mass concentrations were relatively low in most plumes and were nominally anti-correlated with the increases in the number concentrations of coarse particles. The ion chemistry of coarse particles sampled at Whistler Peak was dominated by calcium, sodium, nitrate, sulphate and formate. Scanning transmission X-ray microscopy of coarse particles sampled from the NCAR C-130 aircraft relatively close to Whistler indicated carbonate, potassium and organic functional groups, in particular the carboxyl group. Asian plumes reaching Whistler, BC during the INTEX-B study were not only significantly reduced of fine particle organic material, but organic compounds were attached to coarse particles in significant quantities. Suspension of dust with deposited organic material and scavenging of organic materials by dust near anthropogenic sources are suggested, and if any secondary organic aerosol (SOA) was formed during transport from Asian source regions across the Pacific it was princiCorrespondence to: W. R. Leaitch (Richard.Leaitch@ec.gc.ca) pally associated with the coarse particles. An average of profiles indicates that trans-Pacific transport between 2 and 5 km during this period increased ozone by about 10 ppbv and fine particle sulphate by 0.2-0.5 µg m −3 . The mean sizes of the fine particles in the sulphate plumes were larger when dust particles were present and smaller when the fine particle organic mass concentration was larger and dust was absent. The coarse particles of dust act to accumulate sulphate, nitrate and organic material in larger particles, diminishing the role of these compounds in indirect radiative forcing, but potentially enhancing their roles in direct radiative forcing.
Introduction
The transport of trace gases and particles at the intercontinental scale is a concern for atmospheric chemistry, climate forcing and the national regulation of air pollutants. It is of particular importance to understand the impacts of Asia on other parts of the Northern Hemisphere (NH) because of the rapid growth in that region (Streets and Waldhoff, 2000) and because wind over desert regions of Asia are a significant source of dust to the springtime NH (e.g. Uematsu et al., 1983; Zhao et al., 2006) . The transport of dust and pollution from Asia to North America has been the subject of a number of observational investigations (e.g. Uematsu et al., 1983; Andreae et al., 1985; Parungo et al., 1986; Jaffe et al., 1999 Jaffe et al., , 2003 Husar et al., 2001; al., 2001; Huebert et al., 2003; Prospero et al., 2003; Brock et al., 2004) . These studies indicate that the main transport of Asian aerosol to North America occurs during the spring and, despite different regional sources, dust and sulphate are often but not always coincident in the plumes. Some of the sulphate may result from aqueous-phase processing during transport (e.g. Brock et al., 2004) . These plumes also have been found to contain pesticides, such as hexachlorocyclohexane (Harner et al., 2005) and mercury (Seigneur et al., 2004; Jaffe et al., 2005; Pan et al., 2007; Weiss-Penzias, 2007) . Modelling studies have identified pathways, transport times and potential impacts on North American air quality (e.g. Walker et al., 2008; Heald et al., 2006; Holzer et al. 2003 Holzer et al. , 2005 Jacob et al. 1999; Song and Carmichael, 1999) . Much of the transport occurs above 2 km as the aerosol near the source is lifted relatively quickly, and at the west coast of North America, subsidence and mountain flows help to bring the plumes nearer the surface (e.g. McKendry et al., 2001; McKendry et al., 2008) . Still, much of the plume remains aloft as it crosses North America (e.g. . Transport between Asia and western North America during the springtime typically takes 6-10 days (Stohl et al., 2002; Holzer et al., 2003) and increases sulphate levels over the west coast of North America by up to 1.5 µg m −3 (e.g. Heald et al.) . Ozone in springtime air arriving from Asia is increased by 5-10 ppbv (e.g. Zhang et al., 2008; Jacob et al., 1999) . The fact that much of the Asian aerosol that reaches across the Pacific remains aloft enhances its ability to impact both atmospheric chemistry and radiative forcing of the atmosphere as gases and particles lofted into the middle and upper troposphere have longer lifetimes (e.g. .
As part of the INTEX-B experiment (Singh et al., 2009) , two sets of measurements were made at Whistler, British Columbia ( Fig. 1 ) from 22 April 2006 to 17 May 2006. Vertical profiles of aerosol chemistry and microphysics, CO and O 3 were conducted between about 1000 and 5300 m above mean sea level (MSL) and continuous observations were made at Whistler Peak (2182 m-MSL). The continuous observations at the Peak site were part of an on-going measurement program (Macdonald et al., 2006 ) that were augmented, as described below, for the INTEX-B period. The main objectives of the observations at Whistler during INTEX-B were to: -provide improved context for the on-going measurements at the peak of Whistler Mountain,
-quantify trans-Pacific transport,
-identify the key transport pathways and mechanisms that deliver aerosols to North America,
-provide more characterizations of the aerosol in plumes reaching over the west coast of North America.
A comparison of the aerosol measurements from the aircraft with those conducted at the Peak (a study of the fine particle composition at Whistler Peak during INTEX-B is described by Sun et al., 2009 ) is used to provide context for the two sets of ambient measurements. The characterization of the fine and coarse particle aerosol obtained from the profile data, the data from the Peak, and single-particle samples 
Whistler Peak
At the time of INTEX-B, the ongoing measurements at Whistler Peak were O 3 , CO, particle chemistry (one-to-two day averaged filters cut at 2.5 µm and analyzed by ion chromatography or IC), particle size distributions (0.01-20 µm), light scattering and light absorption. Details of the measurements are described by Macdonald et al. (2006) . During the INTEX-B period, the aerosol chemical measurements were enhanced by the addition of a HighResolution Time-of-Flight Aerosol Mass Spectrometer (HR-TOF-AMS) and 24-h averaged size segregated samples that were analyzed by IC for ions of chloride, nitrate, sulphate, oxalate, acetate, formate, sodium, ammonium, potassium, magnesium and calcium; carbonate was not measured. The size segregation was done using non-rotating MOUDI samplers reduced to three size cuts (<1 µm, 1-3 µm and >3 µm). The MOUDI samplers were mounted outside of the building where the HR-TOF-AMS was housed. The results of the HR-TOF-AMS observations are discussed by Sun et al. (2009) , and used here only for comparison with the Cessna Q-AMS. The size segregated observations are discussed here.
Airborne observations at Whistler
Aerosol and trace gas observations were made on a total of 31 project flights conducted from 22 April to 17 May 2006 at Whistler, BC. The platform was an unpressurized Cessna 207 aircraft operated at an airspeed of ca. 50 m s −1 . The main measurements were O 3 (TECO 49), CO (Aerolaser), particle physical size distribution (PCASP, FSSP300), particle chemistry at one-minute intervals (Quadrapole-Aerosol Mass Spectrometer or Q-AMS), light scattering (Radiance nephelometer) and flight integrated inorganic mass concentrations (single teflon filter analysed by IC). The aircraft was based at Pemberton, BC about 40 km north of Whistler. The flights were approximately two hours long and typically consisted of flying to Whistler, profiling up from about 1000 m to about 5300 m, down again and returning to Pemberton; Whistler Village is at an elevation of 620 m.
Of the 31 flights, 22 are included in this analysis. The remaining flights are not included either because they were conducted in other locations (three flights were used for an intercomparison near Victoria, BC) or because of instrument problems. Valid AMS data were collected on 21 flights; on the other flights radio frequency interference affected the mass spectra, a problem that was intermittent and the origin was not uncovered until May 13. Problems with the pump for the CO instrument and then with the data file structure resulted in poor data recovery of the CO. The recovery of other measurements, including ozone, was complete throughout the study with the exception of a problem with the PCASP probe that affected sizing, not number concentration, on the first two flights only. Profile data were collected every second, except for the Q-AMS data that were averaged every one minute.
Aerosol instruments inboard of the aircraft sampled the aerosol from an open ended 0.95 cm OD stainless steel tube. The tube was supported outside of the aircraft and elevated about 0.5 m from the top of the fuselage. Ram pressure from the aircraft pushed the aerosol into and through the tubing; the end of the tubing was open to the cabin. Approximately 20 l m −1 of air was sampled off the tubing by the various aerosol instruments and the remaining aerosol exhausted into the cabin. The maximum length of tubing to any instrument was 2 m, and the residence time in the tubing was <1 s. As ambient air did flow into the cabin, from various openings in the aircraft as well as from the exhaust of the intake tube, the temperature in the cabin was only slightly warmer than ambient. It is suspected that the aerosol entering the AMS was not significantly dried from its ambient state. Only fine particle measurements were made with inboard instrumentation sampling off the inlet.
Ozone was measured by a Model 49 UV photometric ozone analyzer from Thermo Environmental Instruments Inc. It operated on a 5 second cycle time and was pressure and temperature compensated. Calibrations were performed before and after the field study by means of a NIST traceable ozone calibrator; precision was 1 ppbv and accuracy was ±2 ppbv. In-flight zeroes were done for several minutes once or twice each flight by passing ambient air through a Koby air purifier cartridge. Carbon monoxide was measured using an Aerolaser AL5002 instrument based on vacuum-UV resonance fluorescence, and data were recorded every second. This instrument was calibrated and zeroed each flight with a precision of <2 ppb and accuracy to within about 5 ppb; the response time was < 1s. Unfortunately, problems with the CO pump and with the CO file system significantly limited data recovery.
Aerosol particle number concentrations and size distributions were measured using a PMS 7610 Condensation Particle Counter (CPC), a PMS PCASP100X, and a PMS FSSP300. The CPC was mounted inboard the aircraft and used to measure the total number concentration of particles >0.015 µm diameter; the threshold size is based on past measurements in the laboratory. The PCASP and FSSP300 were mounted under a wing of the aircraft, and they were used to measure particles in the size ranges of 0.12-3 µm and 0.3-20 µm respectively. Particles are sampled intrusively into the PCASP resulting in a relatively dry aerosol, whereas sampling with the FSSP300 is done non-intrusively leaving the aerosol in its ambient state at detection . The flow rate through the FSSP300 is about 25 cm 3 s −1 , which permits a statistically viable sample every second if the number concentration is ≥ about 1 cm −3 .
The Q-AMS inboard the aircraft sampled particles through a critical orifice and focuses them in an aerodynamic lens. The particle beam impacts an oven, held at about 550 • C, where the particles are vapourized and ionized by electron impact. The resulting ion fragments are detected with a quadrupole mass spectrometer, and the m/z of the fragments are used to produce mass concentrations of classes of compounds (e.g. sulfate, nitrate, ammonium and total organics). Fundamentals of the Q-AMS are described by Jayne et al. (2000) . Other details of data processing and operations can be found in Allan et al. (2003) and . The ionization efficiency, effectively the mass calibration, is determined using known sized particles of ammonium nitrate (AN). Mass calibrations for other components are referenced to that for AN. Particles between about 0.1 µm and 0.7 µm are efficiently transmitted into the AMS (e.g. . The efficiency with which the particles impacted the oven, stick and volatilize, referred to as the collection efficiency (CE) is discussed below.
Mass concentrations are estimated from the PCASP for comparison with the AMS mass concentrations of fine particles. The PCASP mass estimates are based on the assumption of spherical particles with a specific gravity of 1.5 g cm −3 . The lower size limit of the PCASP (0.12 µm) is approximately coincident with the lower limit for which the AMS has 100% transmission . Also, except near source regions, the fine particle mass concentration is typically lower for particles smaller than 0.12 µm, and the uncertainty associated with excluding masses from smaller particles is relatively low. The upper limit (0.7 µm) is the approximate upper geometric diameter for which there is 100% transmission into the AMS (e.g. . All concentrations are referenced to 1 atm and 25 • C.
Collection and analysis of C-130 samples
During INTEX-B, particles were collected from the NCAR C-130 for functional group analysis (e.g. Russell et al., 2002) . The samples were drawn from the main inlet into a rotating impactor (Streaker; PIXE International, Inc.) at 1 L m −1 where they impacted on silicon nitride windows (Si 3 N 4 ; Silson Ltd.). Samples were frozen after collection; during storage and transportation until time of analysis (June 2006 , July 2006 , February 2007 , and August 2007 . Sampled grids and windows were analyzed by Scanning Transmission X-Ray Microscopy (STXM) at the Advanced Light Source at Lawrence Berkeley National Laboratories (Berkeley, CA) Beamlines 5.3.2 (Kilcoyne et al., 2006) in a He-filled chamber maintained at 1 atm. The transmission of photons at energy levels between 278 and 320 eV (minimum spatial resolution was 30 nm) was measured and converted to optical density, using a protocol described by Russell et al. (2002) and Maria et al. (2004) . Further details of the analysis of the INTEX-B samples are given by Takahama et al. (2007) and Takahama et al. (2008) .
AMS-Filter comparison
The CE for the AMS can be below one for some types of materials. For example, crystalline ammonium sulphate (AS) produced in the laboratory and sampled with this Q-AMS routinely yields a CE of about 0.25, i.e. only 25% of the input particles are measured, while for ammonium nitrate the CE is close to one and hence its use in mass calibration. A CE of 1.0 for this particular Q-AMS has in most previous instances been found to provide overall the best agreement with other simultaneous observations (Rupakheti et al., 2005; Phinney et al., 2006; Buset et al., 2006) . In instances where the fine particle aerosol is dominated by ammonium sulphate, then a lower CE may be necessary for this particular instrument (Buset el al., 2006; Hayden et al., 2008) . A recent detailed study of the CE for the Aerodyne Aerosol Mass Spectrometer is described by Matthew et al. (2008) . The detection limits for the one-minute averages of sulphate, nitrate and total organics were 0.04 µg m −3 , 0.04 µg m −3 and 0.6 µg m −3 respectively, based on two times the standard deviations of zero measurements.
The observations from the Q-AMS during this study are evaluated in three ways. One is by comparison of the AMS mass concentrations with the same measured at Whistler Peak during flybys (Sect. 2.5). The second is by comparison of the total mass concentrations from the Q-AMS in the profiles with that estimated from the size distributions (Sect. 3.1 and Fig. 7 ). The third is through the comparison with sulphate measured on a single filter with a 1 µm cut exposed to the same aerosol over an entire flight (ca. two hours). The results of the latter comparison, of the sulphate mass concentrations from the Q-AMS with those measured from the single filter for 20 flights, is shown in Fig. 2 concentrations have been averaged over the same times as the respective filters were exposed and the CE was assumed to be unity. There is significant scatter in the comparison, but on average the Q-AMS sulphate mass concentrations agree well with the filter results. Q-AMS values can be higher because the Q-AMS data were not always contiguous through a flight; e.g. the Q-AMS data acquisition intermittently shut down due to switching problems. Q-AMS values can be lower than the filter values if a significant fraction of the sulphate is in the 0.7-1 µm size range, which is possible here, or if the CE is less than one in any particular instance. With these caveats, there is no indication of a systematic underestimation of the sulphate mass concentrations as measured with the Q-AMS assuming a CE of unity.
Comparisons of Cessna and Whistler Peak observations
Data from the Q-AMS on the Cessna and the three independent measurements of sulphate at the Peak are shown in Fig. 3a . The Cessna values are from the 1-min average Q-AMS sample closest to the Peak elevation (2182 m). The Peak sulphate data are from the 2.5 µm filters sampled over 1-2 days, the size separated samples for <1µm diameter, and the HR-ToF-AMS (Sun et al., 2009) . The median of the differences between the two AMS' is 23%. Note that the HR-ToF-AMS mass concentrations are based on a CE of 0.5 (Sun et al., 2009) , whereas the CE for the Q-AMS, as above, is assumed here to be 1.0. The aerosol entering the building at the Peak was warmed by ca. 15 • C resulting in a much drier aerosol. Since the Peak aerosol was neutralized or only mildly acidic, with the exception of the sulphate plume during the morning of 15 May, the importance of drying of the aerosol to the CE is increased (e.g. . This may account for some of the difference in the CEs between the two AMS'. Slight differences in the oven geometries might also contribute to the different CE. The fine particle total organic mass concentrations measured with the Q-AMS on the Cessna near Whistler Peak and with the HR-ToF-AMS at the Peak are shown together in Figure 3b . The two organic measurements covary and the median of the differences in the mass concentrations is 42%. During the period 25 April to 4 May the Cessna AMS organic concentrations are about 60-70% of the Peak measurements; whereas the Cessna sulphate measurements during that same period (Fig. 3a) are slightly higher than those at the Peak. These discrepancies might arise from two sources: the differences in collection efficiency between the instruments and the coarser mass resolution of the Q-AMS relative to the HRToF-AMS.
The median of the differences between the nitrate mass concentrations from the Cessna Q-AMS and the Peak HRToF-AMS is 33%. With the exception of a brief period beginning late on 25 April and ending early on 26 April, nitrate is overall quite low relative to sulphate. Besides the [25] [26] April period, two other increases in nitrate are noticeable at the Peak during overnight hours. Much of the fine particle nitrate at Whistler Peak appears to have been associated with organic material (Sun et al., 2009 ).
In Fig. 4a , the number concentrations of particles >300 nm measured from the Cessna PCASP are compared with the one-hour averaged values measured at the Peak using a Grimm OPC; the median of the differences is 13%. The coarse particle (>1 µm) number concentrations from the Cessna (10 second averages of the FSSP300) and at the Peak (one hour averages from the Grimm OPC) are compared in Fig. 4b ; the median of the differences is 51%. It is expected that the Cessna coarse particle number concentrations will be biased higher than the peak values. The FSSP300 is a non-intrusive sampling probe, while at the Peak the particles were drawn into the OPC through about 3 m of tubing and dried via the warming from ambient temperatures to inside temperatures. Inlet losses will bias the concentrations at the Peak to lower values, and water on the particles sampled with the FSSP300 will bias the concentrations from that probe higher. Other differences between the two measurements are expected due to the differences in averaging time (i.e. higher variability across the one hour sampling time could lead to a greater offset of the 10 s measurement) as well as due to differences in the optical geometries of the FSSP300 and the Grimm OPC. Different optical configurations may yield different responses to the ambient coarse particles.
The median of the differences between the Cessna ozone the Peak ozone is 6% (Fig. 4c) . In this case, drawing comparisons of one hour averages with one second averages is likely a significant factor in the differences.
Observations

Cessna profiles
The INTEX-B period at Whistler Peak was marked by intervals with the temperature below 0 • C and the relative humidity (RH) above 90% alternating with intervals when the temperatures reached above 0 • C and the RH went below 60% ( . Vertical profile data from several flights encountering higher altitudes plumes. Each plot includes the mass concentrations of nitrate, sulphate, and total organics measured with the AMS as well as sum of nitrate, sulphate, organics and ammonium (black line). Each AMS data point is from a one minute average. The grey curve is the mass estimated from the PCASP for particles from 0.12-0.7 µm diameter assuming spherical particles and a specific gravity of 1.5 g cm −3 . Also shown are 30-s averages of the number concentrations of coarse particle (>1 µm) measured with the FSSP300.
coarse particles. There are no PCASP mass estimates for flight 2 as discussed in Sect. 2. The plots in Fig. 8 show temperature, RH, ozone, the number concentrations of particles >0.12 µm (measured with the PCASP), and, in the case of flight 29, CO.
The profile from the morning of 23 April (Fig. 6) shows a 2 km thick layer enhanced in fine particle sulphate, coarse particles and ozone between 2 km and 5 km. The afternoon profile from 23 April (Figs. 7a and 8a) shows two more distinct layers enhanced in fine and coarse particles as well as ozone, one from about 2-2.7 km and another about 4-4.8 km. The fine particle mass in the lower layer consists of mostly sulphate and some organics, whereas the upper layer is almost completely sulphate. Nitrate is at or below detection limit throughout the depth of the profile. The profile from the afternoon of 25 April ( Fig. 7b and 8b) shows an aerosol layer reaching to about 3 km composed of about 60% organic material, 30% sulphate, and a balance made up by nitrate and ammonium. Above 3 km, the fine particle aerosol is nearly completely sulphate, and the coarse particle number concentrations increase substantially with the sulphate. Since the number concentrations of fine particles (Fig. 8b) are much lower than below 3 km, the similar fine particle mass concentrations indicate that the mean mass diameters of fine particles in the upper layer are larger than below 3 km. In these three cases (Flts 2, 3 and 7), ozone increases between 15 and 30 ppbv in association with the increases in sulphate and coarse particles.
In contrast to 22-25 April, 30 April was during a period of lower temperatures and higher RH at Whistler Peak. Back trajectories (Fig. 9 ) trace back to the Asian coast about 8-9 days prior to the profile. Similar to flight 3 (23 April p.m.), two distinct aerosol layers are evident in the profile from the afternoon of 30 April (Figs. 7c and 8c ). The lower layer (2-3 km) is again a mix of organics and sulphates, but the organic mass concentration exceeds that of sulphate. The particles in the upper layer (>4 km), although still dominated by sulphates, contain organic material well in excess of the detection limit. Comparison of the fine particle number (Fig. 8c ) and the mass concentrations (Fig. 7c) indicates that the particles in the upper layer (>4 km) and in the 2-3 km layer are similar in mean size. Also, there are no increases in the number concentrations of coarse particles in these two layers. The size distributions from 25 April and 30 April cases are contrasted below.
2-5 May was another period of higher temperatures and lower RH at the Peak, and with it more transport of sulphate, coarse particles and ozone above 3 km. Profile data from three flights (2 May p.m., 3 May p.m. and 5 May a.m.) are shown in Figs. 7d and 8d, 7e and 8e, and 7f and 8f, respectively. The lower 3 km of each profile is characterized by a fine particle aerosol that was relatively mixed and increasingly dominated by organic material. It is suspected that the organic aerosol up to 3 km was contributed from regional sources, including biogenic emissions (e.g. Sun et al., 2009) . Above 3 km, these cases each show two plumes dominated almost completely by sulphate reaching up to 3 µg m −3 . On 2 May, the vertical extent and mass concentration of the upper plume is the larger than the lower plume, on 5 May the lower plume is greater than the upper plume, and the 3 May plumes are in-between. This suggests a complex mix of these plumes with some slow subsidence of the upper plume. Coarse particles were enhanced in the sulphate plumes, but the number concentrations were much smaller than observed during the 22-25 April period. Increases in ozone above 3 km are smaller in the upper plumes than in the lower plumes; <10 ppbv in the upper plumes and up to 25 ppbv in the lower plumes.
There were two other periods of warmer air at Whistler Peak during the study: 9-11 May and 14-17 May, and plumes during these periods were found at lower levels than on the previous flights. Figure 7g and 7h show the particle profiles for the afternoon of 9 May and the morning of 15 May, respectively. In these cases, the peak mass concentrations occur at ca. 3.2 km on 9 May and 2.2 km on 15 May. As with most of the other cases, the plumes are principally sulphate. There is some detectable organic in the 9 May plume, but sulphate is 3-6 times higher, and the 3 km back trajectories for this time reach back over Asia. There was no detectable organic in the 15 May morning plume as observed by either the Cessna or at the Peak with the HR-ToF-AMS ( Fig. 3c and fraction that is believed to have been from regional sources (Sun et al., 2009) . During the morning of May 15, the air trajectory for 2-3 km traces back to the mid-Pacific and northern China (Fig. 9) . McKendry et al. (2008) discuss the 15 May observations in the context of Asian dust storms and suggest the Taklamakan desert as the most likely source region. Coarse particles were enhanced in the sulphate layers on both 9 and 15 May, but the number concentrations were significantly higher in the 15 May case. Increases in ozone of up to 20 ppbv were evident in the plumes on both days. On May 15, the ozone increase was most pronounced from 2.5-3 km, whereas the sulphate increase was primarily at 2-2.5 km. A substantial increase in CO followed more closely the increase in sulphate.
Mean profiles
Average profiles were calculated for observations from 22 April to the morning of 15 May, inclusive; the period of strongest trans-Pacific transport. After the morning of 15 May, the four remaining flights were dominated by local and regional organic material (McKendry et al., 2008; Sun et al., 2009) . Three cases with suspected direct stratospheric influence on the ozone (flight 5 on 24 April, flight 10 on 1 May and flight 11 on 2 May) were excluded as were flights 16 and 18 (4 May and 5 May) because the profiles were limited to below 3 km. In total, the averages in Fig. 10 are based on 13 flights all conducted during the daytime at Whistler, and close to when the MCL was at a maximum height; about 3 km during this period. Mean profiles of sulphate have also been discussed by in the context of the sulphate measurements from the NCAR C-130 and the NASA DC-8 as well as in comparison with simulations from the GEOS-CHEM model for the INTEX-B period. The mean profiles show fine particle nitrate and organics both higher below 3 km and decreasing above 3 km. It is suspected that the boundary layer organic was influenced by biogenic emissions from the valley forest. Fine particle sulphate, ozone and the coarse particle number concentrations all show gradual increases with altitude, indicative of a higher level transport source that is stronger than the surface sources. The average profiles of the number concentrations of particles >15 nm and >120 nm declined with altitude. As the number concentrations drop faster than the total mass concentrations, it is evident that more of the mass at higher altitudes is in larger particles, consistent with the apparent long transport times of these aerosols. Two examples of the particle size distributions follow.
Particle size distributions
Particle size distributions for measurements conducted on 25 April and 30 April are shown in Fig. 11 . These two cases are selected because they represent a situation with a predominately sulphate plume and relatively high number concentrations of coarse particles (25 April above 3 km; Fig. 8b) , and a situation with plumes of particles of mixed organic and sulphate composition as well as fewer coarse particles (25 April below 3 km and April 30 above and below 3 km; Fig. 8c ). The distributions are averaged over 1 km altitude ranges selected to represent the above conditions.
There are considerably more particles above about 0.5 µm in the 25 April number size distribution averaged for 4.3-5.3 km compared with the number distribution averaged for 1.8-2.8 km on 25 April. Below 0.5 µm, particle number concentrations in the 1.8-2.8 km distribution are greater than for the 4.3-5.3 km interval.
Number distributions at 1.8-2.8 km and 4.1-5.1 km from 30 April are relatively similar to each other, with the exception that the lower distribution indicates more particles above Particle volume size distributions, assuming spherical particles, are shown at the bottom of Fig. 11 for 25 and 30 April. Contrasting the distributions above 4 km, the volume from 30 April is more evenly distributed between the fine and coarse modes whereas that from 25 April is heavily weighted by the coarse particles. The strong similarities of the lower and upper distributions on 30 April suggest that the distributions had similar origins except for the particles >3 µm. The correspondence of the coarse particle distributions at both altitudes on 25 April suggests a common origin and that settling could be a connecting process. The fine particle volume distributions from 25 April are distinctly different. The lower altitude volume distribution is dominated by smaller particles, consistent with a shorter lifetime and the higher organic content; the organic mass on average was found in smaller particles relative to sulphate (Sun et al., 2009 ). The 4.3-5.3 km fine particle volume distribution is more uniform across the 0.1-1 µm size range, and such a volume distribution results from a number distribution represented by a power law with a −3 slope as proposed by Junge (1963) . This could result from the condensation of sulphate onto fine particles of dust that represent the lower tail of the dust particle distribution.
Chemical size distributions from the Q-AMS were noisy, due to the relatively low concentrations and short sampling times, and the altitude change without a constant pressure inlet meant particle sizes were a function of altitude. The size distribution of sulphate measured with the HR-ToF-AMS at Whistler Peak during the morning of 15 May, a near completely sulphate plume, shows the sulphate peaking just above 600 nm vacuum aerodynamic diameter. This is at the upper size of 100% transmission into the AMS , and it suggests that sulphate was also present in particles above this size (600 nm VAD equates to approximately 350 nm geometric diameter for sulphate and assuming a spherical particle); hereafter the AMS sizing is referred to geometric diameter (GD). This is consistent with the overall larger particles observed in sulphate rich transPacific plumes. The results of the coarse particle inorganic chemistry measured at Whistler Peak follow.
Coarse particle observations at Whistler Peak
The fine particle chemistry from the HR-ToF-AMS at Whistler Peak is discussed by Sun et al. (2009) . In this section, the relationships among sulphate, nitrate, calcium, sodium, oxalate, acetate and formate ions in coarse particles sampled at Whistler Peak are examined; these are all water soluble compounds and therefore can underestimate the true elemental concentrations. This provides chemical information about the coarse particles that was not possible from the Cessna. Figure 12 shows the distribution of the calcium mass concentrations in each of the three size intervals sampled at Whistler Peak during INTEX-B: <1 µm, 1-3 µm and >3 µm diameter. The date/time indicated in Fig. 4 represents the start time of the one-day sample. With the one exception of 12 May, the calcium mass was predominantly in the coarse mode, consistent with a soil-blown dust source, and the variations in the calcium mass concentrations coincide with those in the coarse particle number concentrations at the Peak (Fig. 3c) . Relative to 25 April, the calcium sampled on 30 April is very low, and this indicates that the high volume in particles >3 µm (Fig. 11) was not related to calcium. The sulphate mass concentrations are highly correlated with the calcium values in the >3 µm size range (R 2 value of 0.86) and apparently independent of calcium in particles <1 µm (Fig. 13) , suggesting that the sulphate in the particles >3 µm was strongly influenced by the presence of calcium. Most of the sulphate was present in particles <1 µm and the fine particle sulphate does not correlate with calcium. The absence of a correlation with calcium does not preclude an influence of coarse particles on the sulphate size distribution; calcium represents only a fraction of the mass of the dust particles and the influence of the dust particle on sulphate does not have to be to provide a reaction point, but rather just a condensation point.
The nitrate mass concentrations in the coarse particles (Fig. 14) are higher overall than those in the fine particle mode (Fig. 3c) . Coarse particle nitrate is also well correlated with calcium ( Fig. 14) with the exception of a cluster of points (circled). The correlation of coarse particle nitrate is better with sodium, and the coarse particle sodium plus calcium is sufficient to account for the ion balance with coarse particle nitrate plus sulphate. The circled points represent most of the higher calcium situations, and may indicate an excess of calcium relative to the sodium, sulphate and nitrate.
Organic material on larger particles
A total of 91 particles >0.5 µm collected on the C-130 during INTEX-B have been analyzed by STXM. Particles larger than 0.5 µm are considered here since the particle size distributions indicate an enhancement above about this size for the dust cases. Of the 91 particles, the spectra of 37 nonspherical particles, suggesting some mineral or dust component, collected on six flights are considered here. Samples from flights 3, 4 and 7 were collected over more northerly areas, in closer proximity to Whistler, including samples from flight 7 that were collected within 100 km of Whistler. In contrast, samples from flights 8, 9 and 11 were collected Optical density spectra over an energy range of 280-320 eV for each of the 37 particles are shown in Fig. 15 . The fundamental functional group identification has been described by Russell et al. (2002) . Takahama et al. (2007) introduced and applied a classification of many STXM spectra collected from a number of studies into 14 categories, including a few of the samples discussed here, into functional groups. This classification is based on the relative strengths of the various identified functional groups as well as other non-organic components such as potassium and carbonate (Russell et al., 2002) .
The optical density spectra of the 37 particles fall into 10 of the categories from Takahama et al. (2007) . One half of the particles from flight 3 fall into category "f" that exhibits significant absorbance in the carboxylic region as well as high absorbance in the K and carbonate regions; this group has strong similarities to soil samples (Takahama et al., 2007) . This suggests particles with dust and possibly biomass burning origins. It is consistent with secondary organic aerosol (SOA) condensed on a carbonate particle, but it can not be distinguished from OA deposition or other possible transfers of organic substances at the dust source. The other half of the flight 3 particles are spread among the six categories: "a", "b", "d", "e", "i" and "j". Following Takahama et al. (2007), type "a" particles are dominated by the carboxylic peak, while groups 'b', 'd' and 'e' exhibit varying degrees of absorbance in the alkyl, alkene and carboxyl regions. Category 'e' is close to category "c" in Takahama et al. (2007) with the exception of showing absorbance in the alkyl region rather than the ketone region; category 'c' was identified as surface-oxidized primary carbon, possibly including black carbon (Maria et al., 2004 ) that were found exclusively in samples from ACE-Asia. Type "i" and "j" spectra exhibit characteristics of biomass burning (potassium and the multifunctional hulis-like spectrum with a main carboxyl peak). This may be interpreted as biomass burning-derived secondary organic aerosol either deposited or formed on dust or soil particles.
The smaller particles from flight 4 fall into category "d", and the two coarse particles from this flight fall in category "n" that shows the strongest absorbance in the alkyl and carboxylic regions. Most of the type "n" samples discussed by Takahama et al. (2007) were collected in Mexico City. Both samples from flight 7 fall into category 'b' and include evidence for diesel emissions and soot (Takahama et al., 2007) .
All of the particles in categories "a", "b", "f" and "h" are 1 µm or larger. Each of the particles between 0.5 µm and 1 µm from flights 3 and 4 fall into a separate category ("d", "e", "i", "j" and "n") suggesting more variability in these smaller particles.
Particles from flight 8 dominate those collected at the more southerly locations; they are also the only samples of coarse Energy ( (ev) particles from flights 8, 9 and 11. Seven of the 10 samples from flight 8 particles fall in categories "a" (strong carboxyl absorbance), "f" (discussed above) and "h". Category "h" was associated with an urban region and characterized by heterogeneous surfaces. All but one of the smaller particles from flights 9 and 11 fall into group "k", and group "k" also includes one particle from flight 8. In general all of the particles in category "k" are relatively small; the median size is 0.9 µm. According to Takahama et al. (2007) , type "k" particles lack a carboxylic peak and any other distinct functional group features, but based on the normalized carbon content of these particles, this may not be due to the lack of carbonaceous material (Maria et al., 2004) . One explanation advanced by Takahama et al. (2007) is that this type of particle is the result of relatively long exposures (days) of diesel PM to water vapour and sunlight.
Finally, significant concentrations of formate were measured by IC in the size segregated samples collected at Whistler Peak and found to be associated with coarse particles during the late April period as well as 4-5 May (Fig. 16) . Acetate concentrations were an order of magnitude smaller than formate, except for 28 April when acetate in the coarse particles was about twice that of formate. There was no detectable oxalate in any of the coarse particle samples at Whistler Peak, but oxalate was found in some of the fine particle samples.
Discussion
Several cases of fine particle plumes resulting from transPacific transport were observed between 2 km and 5.3 km at Whistler, BC from 22 April 2006 to 15 May 2006. The chemical composition of most of the plumes was dominated by sulphate that ranged from 1-5 µg m −3 for particles measured with the AMS; the AMS samples particles 0.1-0.5 µm GD with approximately 100% efficiency. Particulate nitrate, measured with the AMS, was at least an order of magnitude smaller than sulphate. The observations at Whistler Peak indicate sulphate mass was also present in the coarse particles at concentration levels on average about one half of those measured in the fine particles. Determining the distribution of sulphate with respect to size is important for assessing changes in Asian emissions that reach North America; e.g. interpreted these INTEX-B measurements with the GEOS-Chem model and calculated that 60% of the <2.5 µm sulphate at 600 hPa (about 4 km) was of Asian origin, and estimated a 72-85% increase in the relative contribution of East Asian sulfate to the total springtime burden off the northwest coast of the United States since 1985.
The presence of a predominantly sulphate aerosol is consistent with past observations (e.g. Brock et al., 2004) as well as others during INTEX-B (Peltier et al., 2008; . However, in contrast with Brock et al. (2004) the present observations exhibit a strong coincidence of fine particle sulphate with coarse dust particles. The coarse particle number concentrations increased in all sulphate plumes between 2 km and 5 km. Most of the coarse particle volume in the 4-5.3 km layer on 25 April was between 1 µm and 5 µm based on an optical size measurement, an observation consistent with the coarse particle distributions observed at Whistler Peak throughout the study (McKendry et al., 2008) . Much closer to the dust origin, measurements of the size distribution of Asian dust in Korea during April 2006 found a volume mode between 1 µm and 6 µm aerodynamic diameter (Lee et al., 2007) , similar to the present observations. The fine particle size distributions in the sulphate plumes were also larger when dust particles were present and the organic mass concentrations were lower. The ion chemistry of the coarse particles at Whistler Peak indicates both calcium and sodium in comparable quantities, and each with reasonable associations with nitrate and with sulphate. By comparison, the ion compositions of coarse particles sampled at various altitudes and relatively close to the Asian coast also show calcium distributed relatively uniformly from the surface to 7 km, and sodium levels comparable to calcium only below 0.5 km over the ocean (Kline et al., 2004) . The measurements of Kline et al. (2004) also show that between 20% and 30% of the sulphate off the Asian coastline was in coarse particles, and the higher fractions were found in particles sampled above 2.5 km. Between 70% and 90% of the nitrate sampled by Kline et al. (2004) was in the coarse size range. The Gobi and Taklamakan deserts are likely origins of the high dust episodes observed at Whistler (e.g. McKendry et al., 2008) , and the mix of calcium and sodium is consistent with such origins; salt lakes as well as clay and sandy soils are widely distributed across these regions leading to enriched sodium in the coarse particles (Zhang et al., 2004; Yuan et al., 2006) . However, considering the observations of Kline et al. (2004) , the ocean as a source of the sodium at concentrations comparable to those of calcium can not be excluded. The coarse particle sulphate results from any of three processes: the condensation of acidic sulphate from the gas phase, heterogeneous reactions of SO 2 on the dust particles during transport to form CaSO 4 (e.g. Song and Carmichael, 1999) , and directly from the dust emissions as the Mongolian region can also be a primary source of CaSO 4 (Zhang et al., 2004; Yuan et al., 2006) . Nitrate measured in the coarse particles at Whistler Peak reached 0.7 µg m −3 , and the mean value over the period was about 0.1 µg m −3 . NaNO 3 or Ca(NO 3 ) 2 are well known to result from the reaction of HNO 3 with NaCl or CaCO 3 . It is evident that the coarse particles played a significant role in defining the physics and inorganic chemistry of the trans-Pacific aerosol observed at Whistler during INTEX-B. Potential effects of the dust particles on the organic mass in these plumes are considered next.
Organic matter on dust particles
The relationship of the fine particle organic mass concentrations with the number concentrations of coarse particles in the predominantly sulphate plumes is examined using the data making up the eight profiles shown in Fig. 7 . In Table 2 the mean values of the organic mass concentrations, the sulphate mass concentrations, the ratio of organic to sulphate masses and the number concentrations of particles >1 µm (measured with the FSSP 300) are summarized by three groups. Group 1 represents transported plumes, identified by sulphate >1 µg m −3 at altitudes of 3 km and above, except for flights 22 and 29 when plume levels were lower and altitudes of 2.5 km and 2.0 km respectively are used; the separation point of 1 µg m −3 is arbitrary, but it isolates the most significant plumes and is the same plume identification used by Dunlea et al. (2008) . The average fine particle mass concentrations of sulphate and organics estimated for Asian sources from the C-130 were 2.0 µg m −3 and 0.85 µg m −3 , respectively . Their value of sulphate is close to the present mean (1.9 µg m −3 ), and their average organic concentration is about twice the present value (0.43 µg m −3 ). The reason for their higher organic value is likely the higher contribution from one plume dubbed the "Young Asian Layer" that the C-130 sampled just above 6 km on 1 May 2006. Group 2 in Table 2 represents all cases above 3 km, again using 2.5 km and 2.0 km for flights 22 and 29, with sulphate <1 µg m −3 . This is essentially the Macdonald et al., 2006) and agree well with the "free troposphere" estimate of 0.38 µg m −3 for sulphate given by Dunlea et al. (2008) . Dunlea et al. (2008) estimate an average "free troposphere" fine particle organic mass concentration of 0.18 µg m −3 that falls in between the median and mean values of Group 2. Group 3 is everything below 3 km, or 2.5 km and 2.0 km in the cases of flights 22 and 29, and this group represents the aerosol more strongly influenced by regional sources. In each case, the organic mass concentrations are averaged over more than five minutes, which lowers the detection limit for the organic to ≤0.27 µg m −3 (Sun et al., 2009 ). In Fig. 17 , the mass concentrations of organics and of sulphate for the in- Table 2 . The increase in coarse particles is the difference between the group one concentration and the corresponding group two concentration. plume points (Group 1) are plotted versus the increase in the coarse particle number concentration; the increase is defined as the Group 1 value minus the corresponding flight value from Group 2, i.e. the increase of those particles inside the plumes relative to outside of the plumes in the same altitude range. Linear fits applied to the data indicate an increase in sulphate mass and a decrease in organic mass with increasing coarse particle number concentrations; these models are significant at confidence levels >90% for each of the sulphate and organic curves. The high intercept of the fit to the sulphate curve suggests that much of the sulphate was produced independent of the coarse particles, and this would be consistent with most of the sulphate being produced by oxidation during transport (e.g. Brock et al., 2004) . The fact that sulphate increases coincident with the coarse particles might represent the dust having travelled over SO 2 sources. The intercept of the organic curve is higher than the median and mean values of the organic mass concentration of Group 2 and suggests the presence of some organic mass in the plumes decreasing with fewer coarse particles. The slope of the organic curve indicates a reduction of fine particle organic with higher concentrations of coarse particles. Among other things, variability in this relationship could follow from differences in trajectories, in the origins of the coarse particles and in the source regions the aerosol passed over. More data points are needed to confirm these relationships at higher levels of significance. Next, the presence of organic compounds on the coarse particles is considered.
The characteristics of the organic functional groups, derived from the STXM analyses, show a variety of organic mixtures in coarse particles sampled during INTEX-B. The particles collected from the C-130 closer to Whistler were somewhat different from those collected farther south; 14 of the 19 northern particles were in classified in groups "b", "d", "f" and "j", and 11 of the 18 southern particles were classified in groups "h" and "k". Category "f", into which seven of the particles from the flight to Whistler (Flight 3) were classified, is identified with particles that possess strong STXM signatures for carbonate, potassium and the carboxyl functional group. All particles in "f" are 1 µm or larger. Group "k" particles lack specific identifying features, but still contain organics and overall they are smaller than the group "f" particles. The group "f" particles containing carbonate and carboxylates parallel the observations of increased calcium and formate in the coarse particles sampled at Whistler during 22-26 April (Fig. 12) ; potassium was present in the Whistler Peak samples but at much lower concentrations than calcium and formate. Wang et al. (2007) describe measurements of formate, acetate and oxalate in PM2.5 and PM10 samples collected at sites in and around Beijing, China from the spring of 2002 to the winter of early 2004. Formate in fine particles was found to be the lowest in the spring samples leading Wang et al. (2007) to suggest that dust from spring storms over western and northern China may have removed much of the fine particle formate. Wang et al. (2007) made no observations of PM10 during the spring sampling period, but their suggestion that formate was removed by dust particles is consistent with the present observations. The present observations suggest there was a reduction in fine particle organic mass with increasing levels of coarse particles and indicate that organics were present in coarse particles that include signatures for dust. Possible explanations for these observations are considered. A reduction or loss of fine particle organic mass appears to be a common observation for plumes after leaving Asia. Cloud scavenging of fine aerosol particles leaving the Asian coastline was advanced by Lim et al. (2003) to explain their observations from a ship during ACE-Asia that showed a relatively rapid reduction in OC compared to EC with increasing transport time away from the Asian coastline. They attributed that result to the preferential cloud scavenging of OC relative to EC. During INTEX-B, Peltier et al. (2008) observed a reduction of water soluble organic carbon (WSOC) in transPacific plumes and suggested that WSOC leaving Asia was scavenged by clouds. Dunlea et al. (2008) also assumed the cloud scavenging hypothesis to explain relatively low levels of organics in the fine particle aerosol plumes from Asia. Ambient organic aerosol particles, including WSOC, are less efficiently scavenged by nucleation than sulphate particles unless the organic and sulphate are mixed (e.g. Lohmann et al., 2004) . Since in or near urban source regions, organics tend to be found in smaller particles than sulphate (e.g. Zhang et al., 2005; Broekhuzien et al., 2006) , the overall efficiency by which they are subject to nucleation scavenging in clouds will be lower than that of sulphate. Nevertheless, for particularly cloudy conditions with significant precipitation, such as in the case of Lim et al. (2003) , cloud scavenging is likely to sharply reduce fine particle organics as well as sulphates. In the present case, the observation of dust particles coincident with the sulphate makes it more difficult to adopt the cloud scavenging hypothesis as the sole explanation for the reduction in the fine particle organic mass. If the dust and sulphur sources are transported independently off the Asian continent and then mixed during transport across the Pacific Ocean, they should not correspond as closely as observed here. On the other hand, if the dust is first transported over industrial regions, as during 15-20 April 2006 when dust was a serious problem for the Beijing region (e.g. Papayannis et al., 2007) , and the mix of fine and coarse particles enters a cloud, then for the cloud scavenging hypothesis to be the sole viable explanation of the loss of fine particle organics the coarse particles must be scavenged much less efficiently than the fine particles, i.e. they must not increase significantly in size due to water condensation. Otherwise, they are removed with a similar efficiency as the fine particles and their presence in the sulphate plumes contradicts the cloud scavenging hypothesis. Of some of the likely compositions of the coarse particles sampled at Whistler, calcium nitrate, sodium formate and sodium nitrate are highly soluble (comparable to ammonium sulphate), while calcium sulphate, sodium sulphate and calcium formate are much less soluble. Calculations done using the aerosol-cloud adiabatic parcel model described by Shantz et al. (2008) indicate that even if only 1% of a particle in the 1-5 µm size range is highly water soluble (a reasonable level based on the current observations) that these particles will quickly grow to sizes of between 10 µm and 28 µm in moderate cumulus; the size varies depending on the concentrations of fine particles. The wet sizes of these coarse particles are also larger than those of the activated fine aerosol. Thus, the scavenging efficiency of these coarse particles is very likely to be at least as high as that of the fine aerosol. Also, relatively large quantities of dust may significantly modify cloud properties including their precipitation efficiency. Lofting of fine and coarse particles by dry convection (Dickerson et al., 2007) could also explain the present of dust in these plumes, but not the absence of fine particle organic.
Evidence from sampling over the Yellow Sea during ACEAsia shows that dust layers were often elevated in fine particle organics before crossing the Pacific (Maria et al., 2003) . The dust source, primarily the Taklamakan desert, was found to be spatially distinct from sources of CO, sulphate and nitrate. The transport of large dust plumes over anthropogenic regions (e.g. Beijing) during INTEX-B may contrast with the observations of Maria et al. (2003) and others (e.g. Kline et al., 2004) The basic sources of fine particle organic are primary emissions from combustion and SOA formation from the oxidation of natural and anthropogenic precursors. The dust clouds that affected Beijing during April 2006 were intense, but reaching optical depths of 4 or more (Papayannis et al., 2007) means that the dust surface areas were towards the lower end of that in a typical atmospheric liquid water cloud. Even in liquid water clouds, the scavenging by various coagulation mechanisms of fine particles by cloud droplets is relatively inefficient except for the removal of particles smaller than about 30 nm (e.g. Jacobson, 1999) , and therefore coagulation scavenging with dust particles will not account for the absence of fine particle organics from primary emission. The presence of relatively high concentrations of settling dust particles can affect the dynamics and the temperature structure of the local environment; the dust can increase the stabilization of the near surface atmosphere via its downward momentum due to settling and its reflection of solar radiation. Such effects could contribute to some separation of the organic material emitted near the surface from the dust that is above the surface layer. Secondary formation of organic material via the condensation of low volatility products of VOC oxidation onto dust particles or by heterogeneous reactions of VOCs on the surfaces of dust particles (e.g. Sullivan and Prather, 2007) are possible mechanisms for the removal of precursors of fine particle organic aerosol. However, it can not be concluded that these processes are responsible for the present observations of organics on dust, as organics likely exist on dust at the source of the dust (e.g. Mayol-Bracero, 2008) . If the SOA formation occurs mostly within two days of the emissions of the precursor (as some observations might suggest, e.g. Dunlea et al., 2008) , then for situations with the particle surface and mass dominated by coarse particles, i.e. extremely high dust loadings, it is likely that SOA formation on the coarse particles would be favoured and this would also reduce the potential for further SOA formation. Regardless of the time scale, it is clear that any SOA formation that might have occurred as the aerosol was transported across the Pacific was principally associated with the coarse particles.
In summary, the plumes sampled at Whistler between 2 and 5.5 km show increases in sulphate and coarse particles in combination with reductions in fine particle organic mass. Chemical signatures of both dust and organics are evident in the coarse particles. From 22 April to 26 April, the highest concentrations of coarse particles were measured during the study, both from the aircraft and at Whistler Peak, coincident in transport time with strong dust storms in Mongolia from 15-18 April. The fine particle chemistry in these plumes was dominated by sulphate with relatively little organic material. This is a feature that other studies have attributed to the washout of aerosol particles near the coast of Asia followed by gas and aqueous-phase production of sulphate during transport across the Pacific. It is likely that cloud and precipitation scavenging contributed to the present observations in some way, but the present relationships among sulphate, organic and coarse particles suggest that dust may have played a key role in the reduction of organic material in the fine particles.
Mean increases due to Asian transport
Ozone increases in the range 10-25 ppbv coincided with increases in fine particle sulphate above 2 km. Based simply on comparison of the mean profile of ozone below 2 km and that above 2 km, and the mean profile excludes three potential cases of direct stratospheric influence, transport during this period increased the mean ozone between 2 and 5 km by 10 ppbv. This estimate agrees with that of who interpreted the INTEX-B observations with the GEOS-Chem global chemical transport model and estimated that Asian anthropogenic emissions contributed up to about 9 ppbv to the mean ozone at the Mt. Bachelor Observatory in Oregon.
From the mean profile of sulphate, the increase in fine particle sulphate is estimated three ways: based on a direct comparison of the mean sulphate below and above 2 km, as done for ozone above; relative to the mean organic below and above 2 km; and relative to the mean nitrate below and above 2 km. It is thus estimated that the transport during this period increased the mean fine particle sulphate between 2 km and 5 km by 0.2-0.5 µg m −3 . Sulphate present in coarse particles adds to these numbers. Based on the filter measurements at Whistler Peak, the mean sulphate in coarse particles (>1 µm) was about 0.23 µg m −3 . Assuming that most of this increase was the result of transport, and that assumption is consistent with the observations of coarse particles from the aircraft and at the Peak, then the increase in total sulphate (fine and coarse fractions) is from 0.4-0.7 µg m −3 . Because the Peak measurements were at 2.2 km and transport layers were often observed above that level, the estimated total range must be considered a minimum value. used GEOS-Chem simulations in combination with the observations from the DC-8 and NCAR C130 as well as the present Cessna observations to estimate that 50% of the sulphate burden between 1 km and 5 km during Intex-B was due to Asian sources. This is consistent with the present results that have a total mean sulphate concentration from 1-5 km of approximately 1 µg m −3 . It is estimated here that an increase in the mean total nitrate due to transport was ≥0.1 µg m −3 , and most of this was in the coarse particle fraction.
Implications for climate
As sulphate is amassed in larger particles, its ability to enhance cloud radiative properties through the indirect effect diminishes. Although sulphate particles are well known as good cloud condensation nuclei, larger sulphate particles have higher rates of water uptake. In the base of a cloud, this leads to a reduction of the cloud base supersaturation and inhibits the activation of smaller CCN (e.g. Leaitch et al., 1986) . Thus, even though individual particles may be better CCN, it is possible that there will be no increase in the number concentration of cloud droplets and even a decrease due to the presence of these larger sulphate particles. On the other hand, the sulphate may become more effective in terms of direct radiative forcing because of the increase in the scattering efficiency as particles get larger further enhanced by the hygroscopic nature of sulphate. Thus, from a liquid cloud perspective, the impact of these plumes is greater on the direct effect than on the indirect effect.
The presence of significant quantities of organic on the dust particles may also alter the direct radiative forcing properties of the dust particles, and the sign may depend on the colour of the organic (e.g. Takahama et al., 2007) . Of importance for water resources as well as climate, the addition of organic material deposited on dust particles has been shown to retard the ability of a dust particle to act as ice nuclei (Moehler et al., 2008) . Deposition of organics and inorganics to dust leaving Asia could have significant consequences for cloud and rainfall.
Conclusions
Several cases of aerosol plumes resulting from transPacific transport were observed between 2 km and 5.3 km at Whistler, BC from 22 April 2006 to 15 May 2006. The fine particle (<1 µm) chemical composition of most of the plumes was dominated by sulphate that ranged from 1-5 µg m −3 as measured with a Q-AMS. The coarse particle number concentrations increased in all sulphate plumes between 2 km and 5 km, and the coarse particle volume was centred between 1 µm and 5 µm, consistent with the size distributions of Asian dust measured in Korea during April 2006 (Lee et al., 2007) . The mean sizes of the fine particles in the sulphate plumes were larger in the plumes than elsewhere.
Fine particle organic mass concentrations were relatively low (near detection limit) in most plumes and nominally anticorrelated with the increase in the number concentrations of coarse particles (>1 µm) in the plumes. The mean sizes of fine particles were smaller when the fine particle organic mass concentration was larger and dust was absent.
The ion chemistry of the coarse particles sampled at Whistler Peak was dominated by calcium, sodium, nitrate, sulphate and formate. The mean sulphate mass concentration present in the coarse particles was about one half of that measured in the fine particles. Nitrate was almost exclusively in the coarse particles. The mix of calcium and sodium is consistent with the possible origins of the Gobi and Taklamakan deserts. In addition to formate measured in the coarse particles, observations of organic functional groups, from samples collected on the C-130, showed a variety of organic mixtures associated with the coarse particles. Many of the coarse particles collected closer to Whistler contained carbonate, potassium and carboxylates.
Asian plumes reaching Whistler, BC during the INTEX-B study were enhanced in sulphate and coarse particles. Fine particle organic material was not only reduced, but organic compounds were found attached to coarse particles in significant quantities. Suspension of dust with deposited organic material and scavenging of organic particle precursors by dust nearer the anthropogenic sources are possible explanations for the presence of the dust. Any SOA formation during transport from the source regions in Asia across the Pacific had to have been principally taken up on the coarse particles; however, there is no evidence that the coarse organic material was the result of SOA formation.
The means of all profiles indicate that trans-Pacific transport between 2 and 5 km during this period increased ozone by 10 ppbv, fine particle sulphate by 0.2-0.5 µg m −3 , and particle nitrate by ≥0.1 µg m −3 (nitrate was almost completely in the coarse fraction).
The presence of the coarse particles of dust during Asian transport acts to accumulate sulphate, nitrate and organic material in larger particles. This will diminish the role these compounds play in indirect radiative forcing, but it may enhance their roles in direct radiative forcing. The addition of organics and inorganics to the coarse particles may also retard the ability of the dust particle to act as ice nuclei leading to further consequences for cloud and rainfall.
